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1. INTRODUCTION 

Electric vehicles (EV) has become popular in last few years. In the transportation sector EVs 
are suitable alternative to gas or diesel engine vehicles because of ecological and economical issues [1]. 
Internal combustion engine (ICE) vehicles and industries are major source of carbon monoxide, nitrogen 
oxides, sulphur dioxide, and especially carbon dioxide, which are the major reasons for greenhouse effect. 
In transportation sector, ICE vehicles, including aircraft, cargos consumed one-third of fossil fuel energy. 
The transportation energy source is 1% by electricity, 2% by bio-fuels, 3% by natural gas and 94% by 
oil [2-3]. In EV, electricity is used to drive the motor without emitting any CO, CO2, nitrogen oxides, 
sulphur dioxide. For these reasons EV is called zero-carbon emission vehicle which will solve the energy 
and environmental issues [2]. 

Currently energy storage device such as rechargeable batteries or supercapacitors are widely used in 
UPS, satellites, hybrid electric vehicles (HEVs), EVs and plug-in HEVs. Rechargeable batteries such as 
NiCd, lithium battery (i.e., Lipo, Li-ion, and LiFePO4 etc.) are used in EVs [4]. Due to the high power 
density, high energy density, environmental friendliness, long lifetime, no memory effect and low 
self-discharge rate Li-ion batteries are widely used in automotive applications [5]. However, a single cell 
terminal voltage is 2-4.2 V, e.g., Li-ion battery cell is 3-4.2 V, LiFEPO4 battery cell is 2-3.65 V, Nickel 
Metal Hydride (NiMH) is 2-3.6 V. For EV application, supercapacitor is used as a particular energy source 
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and can be engaged with battery. Generally EV battery pack consists of Li-ion battery cells which 
are connected in series and parallel to meet the required load voltage and power for traction motor in EV. 
Tesla Model S, in order to meet required voltage and power, uses 7616 Li-ion 18650 cells are connected in 
series and parallel combination [4, 6-7]. 

However, the rechargeable batteries or supercapacitors are electrochemical vessel, for that reason 
after some charging and discharging cycles their physical characteristics will change. Due to their internal 
resistance, in terms of capacity among the battery cells are slight different which causes imbalance in the cell 
voltage during charging and discharging time. Imbalanced cells voltage reduce the durability and overall 
performance of the energy storage devices. Over-charge can be the reason behind cell explosion and 
over-discharge might be cause for chemical digression that reduce life time of the battery cells. To protect 
the Li-ion battery cell from over-charging and under-charging, a battery management system (BMS) is very 
essential. A BMS can monitor the individual cell status on charging or discharging time, the charge balancing 
system could save the Li-ion cell from over-charging and over-discharging hazard and increase 
the performance of the rechargeable battery or supercapacitors to supply power effectively in EV [8-9]. 

Therefore, voltage balancing between different cells in a battery pack is very important to extend 
the battery life time and power supply range. Last few decades, many researcher worked on battery voltage 
balancing system and proposed many balancing topologies to improve the battery lifetime and safety issues. 
Battery voltage balancing topologies are classified into two group. One is called passive balancing system 
and another is active balancing system [10]. In passive balancing system resistances are connected in parallel 
with every cell and excess energy from higher cells are diminished by heat. The disadvantages of this system 
are heat problem and energy dissipation [11]. To overcome those problems, researchers have tried to transfer 
energy from one cell to another by using capacitor [12-17], inductor [18-21] and transformer [22-26]. 
The active balancing system have first balancing capacity, higher efficiency than passive balancing system. 
And it is also small in size, cost effective and can easily be controlled. 

In this paper, a new single LC + parallel capacitor (Cs) based cell to cell active balancing topology 
is proposed. This balancing circuit works like as switched-capacitor balancing circuit. The switching 
frequency of this circuit is equal to the resonant frequency. This is how this balancing circuit achieved soft 
switching thus increased the balancing time. The rest contents of this paper are- proposed balancing circuit 
is described in Section 2. Operational principle of the balancing circuit is described in Section 3. Result of 


the balancing circuit is shown in Section 4 and conclusion highlighted in Section 5. 


2, PROPOSED VOLTAGE BALANCING CIRCUIT 

The proposed voltage balancing circuit connected to a single LC tank and a parallel capacitor 
is Shown in Figure 1. In this circuit all cells are connected in a series string. Here cell, and cell, are connected 
with two MOSFET switches and cell, to cell,.; are connected with anti-series MOSFET switches. For voltage 
balancing, all MOSFET switches are controlled by the same PWM signal. 
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Figure 1. Proposed voltage balancing circuit 
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3. PRINCIPLE OF VOLTAGE BALANCING SYSTEM: 

This balancing circuit can balance the highest voltage difference between two series energy storage 
(ES) cell in the ES cell string. The operation principle of the ES string have two mode and every mode has 
two step as shown in Figure 2. In operational mode, the MOSFET switch M,,, Mj2, M2; and Mz» are operated 
by a PWM signal. 


3.1. Operational mode I: Cell,>Cell, 

Charging state: M,,; and M)> are turned ON in this state, on the other hand M>,; and M>, are turned 
OFF. Cell), Mj,;, LC tank, Cs and M,,. form a circle and the current flowing direction of the circle 
is clockwise, as shown in Figure 2(a). In this time LC + Cs are charged by cell,. 

Discharging state: M,,; and Mj, are turned OFF, on the other hand M>, and M>, are turned ON. 
Cell,, M>;, M22, LC tank and Cs form a circle. The resonant capacitor and series capacitor release all stored 
energy to celly, the direction of resonant inductor current is anti-clockwise, as shown in Figure 2(b). In this 
time cell, is charged by LC + Cs. 


3.2. Operational mode II: Cell,>Cell, 

Charging state: M,, and M>, are turned ON, on the other hand M,, and M)» are turned OFF. Cell), 
M>,, LC tank, Cs and M>, form a circle and the current flowing direction of the circle 1s clockwise, as shown 
in Figure 2(c). In this ttme LC + Cs are charged by cell». 

Discharging state: M.,, and M>, are turned OFF, on the other hand M,, and M)> are turned ON. 
Cell;, Mj;, Mj2, LC tank and Cs form a circle. The resonant capacitor and series capacitor release all stored 
energy to cell,, the direction of resonant inductor current is anticlockwise, as shown in Figure 2 (d). In this 
time cell, is charged by LC + Cs. 





Cr LP Cr ir 


(C) (d) 


Figure 2. Current flowing path of the balancing circuit, (a) LC & Cs store energy from cell,, (b) LC & Cs 
release the stored energy and cell, store that energy, (c) LC & Cs store energy from cell», (d) LC & Cs 
release the stored energy and cell, store that energy 
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3.3. Resonant analysis 

When M,, and M;. are turned ON and M),; and Mz») are turned OFF, then initial voltage 
of the switch capacitor (Cr) in resonant network is Vc,. In [6], resonant voltage and current start to increase 
with time t from Cell, that should be equal to, 


diy 
L,—<~+Ve, + Ve, = Veeu (1) 


At the resonant time, 
Vo. = Veellt + Ve. + AV,.(cos wt + 0) (2) 


il. = Al(sinwt + @) (3) 


Here AV; is the amplitude of Cr, resonant current amplitude is AJ, angular frequency w = 1/,/LC, 
and @ is the initial angle of the resonant. Capacitor initial voltage is assumed to be 0. Capacitor (Cr) 
of resonant circuit starts charging and amplitude of the resonant current is, 


Vcell1 — Voo—Yer 
Al = ——————_ 
wLr 


=(Veem — Vo. — Ver) : (4) 


In charging state, voltage across of the resonant capacitor (Cr) will reach to the maximum V6, max, that is, 
Vo, in 2Vceu1 — Ve. — Ver (5) 


At discharging state, M.,; and M>, are turned ON and Mj), and M), are turned OFF. Resonant voltage 
and current start to increase in opposite direction with time t and should be equal to, 


di, 
Y at 


L + Veo. + Ve, = Veeuz2 (6) 


At the resonant time, 

Vo. = Veeuz — Vo, — AVc(cos wt + @) (7) 
i, = — Al(sinwt + @) (8) 
Capacitor (Cr) of resonant circuit starts discharging and amplitude of the resonant current is, 


Al —_ Veymax to Vcell2 
wL 


Cr 
= (Vex ae Va Veeu2) JE (9) 
Voltage across the resonant capacitor (Cr) will reach to the minimum V¢, min, that is, 
Ve, min: 2Veeu2 — Vo, — Ver (10) 


In operational state, allowing the standard voltage balance of the resonant capacitor V. completed 
switching cycle, 


i, DT —i,(1 —D)T =0 (11) 


Here, D is the duty cycle, and T is the switching time. 
The average current of the inductor can be expressed as, 


1 Ver tVc otV cella 


i, = CS DP + wer TT eseellt (4 — D)2|T (12) 
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4. RESULTS AND DISCUSSION 

The DC to DC active voltage balancing circuit is simulated in MATLAB SIMULINK-2016a. 
Here supercapacitors are used as an energy storage cells for this topology. In simulation 100F supercapacitors 
are used. All MOSFET switches are controlled by PWM signal with 50% of duty cycle. In the resonant tank, 
100 wH inductor, 100 uF capacitor and 100 mF parallel capacitor are used. Figure 3 demonstrates 
the switching frequency of the MOSFET switches. It can be observed that the switching frequency is same as 
resonant frequency. Thus, soft switching has been achieved. Figure 4 shows the balanced result for cell, 
and cell,. Initial voltages of two 1OOF supercapacitor are 2.7V for cell; and 2.4V for cell,. The balancing 
circuit takes 102 seconds to balance the voltage difference of cell, and cell,. The balancing result of two cell, 
and cell, is shown in Figure 5 which takes 125 seconds to balance the voltage difference. 

Figure 6 shows that the multiple cell balancing result for cell,, cell, and cell,. In this analysis, 
different capacitances of supercapacitors are used. Here, cell, and cell, are IOOF and cell, is 1OF 
and the balancing circuit takes approximately 176 seconds to balance the voltage diffrence. Figure 7 shows 
the comparison of simulation result between [6] and currently proposed circuit for cell, & cell,. The proposed 
topology takes 102 seconds to balance the cell voltage difference whereas the circuit in [6] takes 168 
seconds. It is evident that the proposed balancing circuit takes less time to balance than the circuit in [6]. 
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Figure 3. Simulation waveforms of the MOSFET switches gate pulse, inductor current 
and resonant capacitor voltage 
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Figure 4. Balanced result for cell, and cell, 
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Figure 5. Balanced result for cell; and cell, 
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Figure 6. Simulation waveforms of the multiple cell balancing result 
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Figure 7. Comparison of simulation result of [6] in (a) Proposed circuit, (b) For cell, & cell, 


5. CONCLUSION 

In this paper, a single resonant circuit with parallel capacitor based voltage balancing system has 
been proposed. This balancing circuit not only inherits the improvement of conventional single series 
resonant converter based balancing system, but also transfers the energy from overcharged or higher voltage 
cell to undercharged or lower voltage cell and have achieved zero voltage gap between cells string. 
The proposed circuit takes less voltage balancing time, small in size and easy to implement in battery module 
for that it will be suitable for battery management system in EV. The effect of temperature is not considered 
in this study. In future, we will consider the analysis of balancing circuit with variation of temperature and 
also under overcharged and undercharged condition. 
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